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As the feature sizes of Verv-large-Scale-Integrated (VIS circuits continue to decrease.
the uming performance of a design cannot be estimated accurately without introducing the sig-
nal delay due 1o interconnect parasitics. Modeling interconnect parasitics directly from a cir-

cuit lavout s therefore emphasized.

In this research, two programs. FEMRC and HPEX, have been developed to investigate the
following areas: (1) interconnect modeling. (2) hierarchical parasitic circuit extraction. and (3)
collapsing technique for interconnects. The FEMRC is a two-dimensional. finite-element pro-
gram which computes the resistance or the capacitance from the user-specified geometryv. Since
the equation formulation for FENMRC is based on a finite-element method. there is no shape res-
trictions on dielectric intertaces or conductor geometries. In resistance calculation. a quasi-
three-dimensional effect ol contact resistance is also taken into account. The program HPEX is
a hierarchwal parasitic circuit extractor which takes the CIF layout description as an input and
senerales a SPICH ainput with different details of interconnect parasitics. In this extractor,
analvucal formulas fitted from numerical data are used to model interconnect parasitics of
VISIEarcunts in order w0 compromise between the accuracy and the computation time. Simula-
tions show that by carefully fitting data analytical formulas can be verv accurate. especially
w hen the interconnect region s fairly regular. Lavout partition technigue, which taciiitates the
interconnect modeling. s alse studied and implemented in HPEX. Finally, a new node reduc
tion techmique which accurately reduces parasitic RC networks s studied. Thas technigue s
capable ot redacing a large volume of interconnect daty 1inte o manageable sive. thereby sub

stantieil reducing the ettort needed in veriiication
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CHAPTER 1.

INTRODUCTION

As the density and complexity of Very-Large-Scale-Integrated (V'LSI) circuits continue to
increase. detecting errors in circuit and lavout designs manually becomes almost impossible.
Hence, to ensure error-free circuit designs before being sent to the expensive fabrication step. it
is important to have Computer-Aided-Design (CAD) tools to perform design verifications rang-
ing from the behavior level to the circuit level. In general. extensive verification steps should
be taken on the different levels of circuit designs to make sure that the functionality and per-
formance of a VI.SI svstem meet the user’s specifications. A flowchart describing different lev-

els of designs and their verifications is shown in Figure 1 1.

In order to handle the complexity problem inherent in VLSI designs. 1t is a common prac-
tice to design a VLSI system hierarchically. Once a VLSI system is constructed in this fashion,
it is natural to exploit the design hierarchy in verification tools from the computer time point
of view. Figure 1.1 also shows several levels of the hierarchy in the top-down design and their
corresponding verifications. However. at each level of the top-down circuit design the func-

tionality and performance of the system cannot be guaranteed unless feedback from physical

designs 1s laken into consideration.

1.1. Functional and Performance Verification of a VLSI System
In verifying a VLSI svstem or circuit. two critical issues must be emphasized:
(1) functional verification and

pertormance verification.
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Figure 1.1 Flowchart for design verification.

Functional verification can be defined as verifying a design’s functionalitv 10 ensure that the

design performs the function as originally specified. Different levels of functional verification

ranging {rom the behavior level 1o the circuit level are usually needed during the top-down

design phase.

In each level of the functional verification. for the purpose of testing the functionality

a design. the designer should provide different input test vectors. Analvsis programs. <uch as

tunctional or logic simulatoers can be classified in this tvpe of verification However 1f o desion

AL AN e e N A A M AR A A

~ .




Pre caet rorpose e pert rmance cersheation bora VIESEonip s e ensure the required

Do spesd D U Chap dsaatls specitied Byothe designer The speed at ahich g design wun

perate s strones s dependent o hie wndertvin: process technologs and the arouit design sty le

Pre o scn i veonnelog . senerall, Jdetermines the inherent device delav. which in turn plavs the

st ompoctant partan the aperating speed of o V1SS, stem. Theretore. the correct estimation

. Porowt element delavs indluding hoth active and passive devices 1s a kev factor tor the suc-

ces L performance vertication of g chip design

Since the leaer level implementation has a significant impact on a VLSI system's speed.

“ne caorrect ghstraction from the Juwer level to a higher level delay model is imperative for the

“ Angher loels of performance venification. If a design synthesis tool such as a silicon compiler 1s

sttiived 1o directly generate the physical layout of the entire chip from the behavioral descrip-

. tivn, the silicon compiler has to perform timing estimation at various levels of the design in

arder 10 guarantee the speed requirement of the design. Because the delay concept is bottom-up

and the silicon compilation is top-down. a timing-driven silicon compiler needs feedback from

*he Jower levels "o the hivher level svnthesis steps. unitke generaling the correct functionality
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1.2. Physical Parameter Extraction

One of the critical issues in the performance verification of the lowest level of a VLSI
design is to correctly identify both transistors and interconnect parasitics in the physical lay-
outs. This process is known as circuit extraction. Several programs [2-10] have been imple-
mented to emphasize various aspects of circuit extraction depending on the venfication tool to
be used in the next phase. namely, the simulation phase. Basically. three tvpes of information

can be obtained by circuit extraction:

(1) circuit elements such as MOS devices. resistance and capacitances
(2) electrical parameters associated with circuit elements. and

(3) connectivity of circuit elements.

Twvpes (1) and (3) are enough for circuit schematic comparison programs [11]. and logic simu-
lators {12], whereas all three types of information are required for circuit and switch-level

uming simulators [13-14].

Previously. only active devices were extracted from the physical layout because they
were sufficient to predict the circuit performance. But in the present-day device technology
with submicron feature sizes, interconnect parasitics can no longer be neglected [15-17]. In
order 1o be able to accurately predict delays through signal paths in VLSI circuits, resistances
and capacitances associated with the interconnects should also be included in the output of cir-
cuit extraction. Since the actual value of interconnect capacitances and resistances is strongly
dependent on the physical layout. it becomes important to find accurate models for intercon-
nects in the circuil lavout in order to correctly estimate the etfect of interconnect parasitics on

VLSI circuit performance.

The most difficult task in modeling interconnects is calculating interconnect resistances.

self-capacitances and coupling capacitances between conductors. Recently. some techniques {3-
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5.10.15-20) have been developed to model such interconnect parasitics from circuit layouts.
One of them 1s to manipulate lavout data first (18], then use a process simulator [21] to calcu-
late parasitic electrical parameters. This technique can simulate the effect of process parameters
on interconnect parasitics. However, it is very expensive, computationally. to simulate the
fabrication process for VI.SI circuits. even if analytical formulas are used in the process simu-
lator. Another technique couples the hibrary look-up method and the numerical method such
as the finite difference method in modeling interconnects [3). In this technique. the first step is
to partition layout data into certain configurations. If the configuration is in the library. then it
15 not difficult to generate interconnect capacitance or resistance. (On the other hand. if this
configuration has not been encountered before. numerical methods need to be applied to calcu-
late the interconnect parameters. This new configuration can then be added 10 the library. This
technique gives quite accurite results because that the look-up tables are built by using accu-
rate numerical methods. However, 1t is still 1yme-expensive if the lavout configuration s

highly irregular

1.3. Features of HPEX

In this thesis. 1n order to demonstrate the detailed extraction of interconnect parasitics. a
hierarchical. rectangle-based circuit extractor called HPEN (Hierarchical Parasitic and circuit

EXtractor) has been developed. Features of HPEX can be described as follows.

1.3.1. Manhattan style layouts

Manhattan layouts described in the CIF [22] layout language are used as input to HPFX
In Manhattan lavouts. all boundary segments are parallel to either x -axis or v-axis. There are
two reasons to adopt this layout style in our study. First. the data structure and extraction
algorithms can be simplified and made more efficient for Manhattan lavouts during circuit

extraction as compared to that for the nonrestricted lavouts. Second. the Manhattan lavout
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stvle is gradually accepted in industry due to its simplicity in both manual and automatic lay-
out designs. Therefore. in developing an experimental extractor such as HPEX, the Manhattan

layout style is a good assumption.

1.3.2. Analytical formulas

Analytical formulas for resistance and capacitance computations along with a rectangle
decomposition algorithm are emploved in HPEX 10 model interconnect parasitics. The computa-
tion time can be reduced substantially, compared to using numerical methods to model inter-
connect parasitics. Although some accuracy might be lost with analytical formulas, it is still a

good trade-off . considering the increasing complexity of layvout designs.

1.3.3. Layout resizing

L.avout resizing algorithms are applied to input layouts in the extraction preprocessing
phase in order to compensate the process bias such as feature size widening due to lateral
diffusion or shrinkage in polysilicon lines due to an incomplete photoresist developing. This
consideration for extracting real conductor feature sizes will greatly enhance the accuracy of

the parasitic modeling.

1.3.4. Separate process file

The process file for HPEX is separated from the execution code. A different process file
can be specified without recompiling the program. Therefore. users can easily experiment with

many different process files in order to optimize the design.
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1.3.5. Different output files

LY N l‘l-lvl .-..n -.'

L ] ;

Five different output files. as shown in Figure 1.2, can be generated by HPEX: .:
{1] Input file for schematic comparison program such as GEMINI [11]: If the designer wants )
to make sure that the layout has the same schematic as the original design. only the -2
»

transistor list needs to be identified and fed into the schematic comparison program such Kd
>

A

as GEMINI which takes the extracted and designed schematics as an input. then uses the Rt
graph isomorphism algorithm 10 test if these two schematics are the same. Some Jayout ‘~
mistakes can be easily detected by this program. ; s
¢

o

CIF .
\lr -4
HPEX o]

.

-

J\ /1 <)
GEMINI ™ SPICE MOSTIM Logic :

Q\ lnpul lnput - ]npu[ Block -
v v 3
Schematic Circuit Timing Circuit o
Comparison Simulation Simulation Simutation :::
]

o

Figure 1.2 Different output files of HPEX. .
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Input file for switch-level simulator such as MOSTIM [14]: If only rough timing infor-
mation is required or a big circuit needs to be simulated, the extracted circuit should be
suitable for the timing simulator or switch-level simulator such as MOSTIM. Since most
of this type of simulators cannot handle interconnect resistances. the resistance extraction
is not performed for this output file. In addition. all node capacitances including intercon-
nect capacitances and device nonlinear capacitances are lumped to ground in the capaci-
lance exlraction because simple device models are generally employed in the timing or

switch-level simulators.

Input file for circuit simulator such as SPICE2 [13]: If the most accurate circuit simula-
tion is required. the extracted output file should include all detailed interconnect parasi-
tics such as self- and coupling capacitances, and all resistances. The nonlinear capacitances
associated with MOS transistors are not extracted exphcitly. Since SPICE can compute the
device internodal capacitances for given device dimensions. only dimensions related to
device capacitances are extracted. For example, in the transistor extraction the source area

and perimeter are estimated.

Input file containing only the critical path information for SPICE2 : A circuit simulator
has 1ts limitation in handling a circuit with a large number of transistors. One practical
way 1o simulate a large chip is to simulate the critical path that determines the chip tim-
ing. By having user-specified nodes along the critical path, all transistors and interconnect
parasitics in this path can be extracted by HPEX. Besides. the capacitive loading of all side

branches is carefully estimated and added in the extracted file.

Logic block description : In this output. the logic function of each gate is described in
terms of boolean equation. At present. this type of extraction works only for conventional

NMOS and CMOS circuit designs.
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F 1.3.6. Node reduction

An accurate node reduction technique is developed and employed in HPEX to reduce the

-
e number of parasitic elements for the extracted SPICE input file. This will reduce the computa-
”- tion time in the SPICE simulation. In addition. the designer can easily pinpoint the interconnect

parasitics which are responsible for the performance degradation if this degradation is indeed

due 1o the interconnection delay.

- 1.4. Overview of Thesis

As mentioned in the previous section, interconnect modeling for VLSI circuits 1s a must 1in
circuit performance verification when devices with small feature sizes are used. Modeling
- interconnect parasitics directly from a circuit lavout. however, 1s getting difficult in terms of
i accuracy and computation time. In order to study the accuracy of parasitic modeling. two-

dimensional empirical models for interconnect capacitance and resistance are first studied. Based
on these models. a two-dimensional program called FEMRC is developed. Since the equation
formulation for FEMRC is based on the finite-element method. there are no shape restrictions
on dielectric interfaces for capacitance calculation. Not only capacitance but also resistance can
be calculated by this program. In resistance calculation, a quasi-three-dimensional effect of con-
tact resistance is also taken into account. Details on formulation and implementation of FEMRC

are given in Chapter 2.

In Chapter 3, a layout partition technique for resistance and capacitance modeling similar
10 the one proposed by Mori and Wilmore in [20] is studied. By applving this technique. we
‘f
- use analyvtical formulas fitted from numerical data rather than numerical methods tc model
- interconnect parasitics of VLSI circuits in order to compromise between the accuracy and the
computation time. By carefully fitting data, analytical formulas can be veryv accurate. espe-

cially when the interconnect region is fairly regular. If a small part of the irregular lavout



10

region requires accurate parasitic computation. we suggest using two- or even three-dimensional
empirical models to calculate interconnect parasitics. Due to the comphicated lavout design. this
extraction methodology compromising between efficiency and accuracy mav be the best way to

perform circuit extraction and to verif y the design.

The data structure and geometrical algorithms used in HPEX are discussed in Chapter 4.
In order to extract the actual feature sizes for interconnect modeling. an efficient lavout resi/ing
algorithm based on a scanline approach and 4 simple rectangle data structure 15 also preserted
in Chapter 4. Following this, extraction algorithms used in HPEX and details on their imple-
mentation are given 1n Chapter 5. Finaily. a new node reduction technique which accuriatel.
reduces parasitic RC networks is studied This technique is capable of reducing a large «olume
of interconnect Jata 1nto @ manageable size. thereby substantially reducing the effort needed in
werification. The theoretical background and implementation detatls for the node reduciion
techmque can be tound in Chapter 6. Finally. conclusions and recommendations on luture

research topics are yiven in Chapter 7.
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.- CHAPTER 2.
- TWO-DIMENSIONAL MODELS FOR INTERCONNECTS
..
-
. 2.1. Introduction
Although 1t 1s well known that reduction ol circuit dimensions will decrease the intercon-
- nect capacitance proportionately. there dare two design considerations that force the capacitance
: to sty tagh The first consideration s that designers tryv to increase the chip rehability with
V.‘
respect to the electromigration effect tn aluminum conductors by scaling the conductor thick -
ness down slowly an comparison to the reduction of feature size The second constderation s
that we attempt to mimnimize the signal delay by reducing the sheet resistance. Since the sheet
. resistance 1s inversely proportional to the conductor thickness, the latter thickness is also scaled
- down slowly compared to the chip hortzontal scaling A« a result. the side-wall ringing capa-
citance ot conductors becomes important in detéermining the overall capacitance. It has been
. predicted that the interconnection delay will become dominant (n deciding the chip vperating
speed. especially when the scale-down of device feature size continues [15]. In order 0 accu-
ratel: predict the performance of VIS circuits. the capacitance of interconnect lines should be
carefully modeled Because of the important role plaved by the fringing field in determining the
total capacitance. two-dimensional or even three-dimensional effects should be taken into
account.
As mentioned in Chapter 1. not only the capacitance but also the resistance dJdetermines the
-\

performance of VISE Grcuits. As for the resistance calculation. several methods have heen
reported [20,23-26] One of most commonly used methods computes the resistances of rec-

tangular shaped conduciors by simplv counting the number ot squares tn the condudtor und

muitiplyving 1t by the sheet resistance. When using this method. the direction of current How
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must be estimated before calculating the length-to-widih ratio of conductors. One disadvan-
tage of this method is 1ts limitation to the acceptable resistance shape. For example, the resis-
tance shape with boundary segments not parallel with x-axis or y-axis cannot be correctly
handled by this method. In addition. two-dimensional effects, such as current crowding. and
contact resistance are not taken into account by this method. In order to improve resistance
accuracy. numerical analyses of physical equations are generally applied. These numerical
approaches include the Schwarz-Christoffel transformation [25]. the finite difference method.
and the finite-element method (FEM) [26]. In this chapter. the FEM is adopted to calculate the
interconnect resistance. The proposed resistor mode! can handle any arbitrarily shaped. multi-
region and multi-electrode conductor regions. Furthermore, by using a different physical equa-

uon tor contact regions, contact resistances can be incorporated into the resistance calculation.

In the following sections, a two-dimensional mode! for calculating capacitances between
multiple conductors is first described. followed by a discussion of two-dimensional resistance
models. Then some features of a finite-element program called FEMRC are given. Finally. some

examples of FEMRC for capacitance and resistance calculation are illustrated.

2.2. Capacitance of Multiconductors

2.2.1. Integral method

The integral method expresses the solution to the Laplace equation, which determines the

potentials in a region D, by the following torm:

®(r')=f(i(r.r')0'(r')dr'. (2.1)
D

where ®lr ) v the potential. o(r’) denotes the charge density at point ', and G{r .r') is an

apprepriate Green fun:tion that describes the potential at » induced by a unit charge at r'.

Although the indicated integration covers the entire region D. it needs in fact to be performed

ster

.
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only where the charge density o(r’) is not zero. For an N-conductor system, if the potential at
the surface of each conductor is specified. the only unknowns left in Eq. (2.1) are the charge
densities. By using the method of moments and a set of basis and testing functions [27], charge

densities in Eq. (2.1) can be solved by a system of linear equations.

Once charge densities are obtained on the surface of all conductors for different combina-
tions of conductor potentials, the capacitance coefficients can be easily computed. Consider a

three-conductor problem shown in Figure 2.1. The capacitance coefficients can be defined as

Q,=Cpd, +C (P =,) + C (0, —,)
Q; = Co)(@y=®)) + Cy@; + Coy(®,~P;)

where Q, s the total charge on conductor i, @, is the potential of conductor j. and C, denotes

the capacitance coefficients. By applying even and odd mode potential patterns. C, in Eq. (2.2)

can be easily determined.

NPT | (2)
— Cu : = Cn
i Cus
(1) ........ H ................... (3)
—_ C“ : C72 — C33

GROUND PLANE

Figure 2.1 A three-conductor system.
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One of the critical tasks in using integral method for capacitance calculation is to derive
an appropriate Green's function for different dielectric regions. Two different methods for
deriving Green's function have been proposed: (1) the method of images [28]. and (2) spectral
analysis [29]. However. these two methods are only practical for dielectric regions with planar
interfaces. The Green function for non-planar dielectrics is too complicated to obtain expli-
citly. This is one of the disadvantages in applving the integral method 1o compute the capaci-
tance. But from the computer time and storage point of view, the integral method is still a
good and acceptable means to compute the interconnect capacitance. A lvpical program which

uses this method to calculate capacitance is CAP2D [27].

2.2.2. Finite-element method

Instead of selving the charge densities, the differential method computes the potentials
directlv by selving the following Laplace equation over a region ) subject to some boundary
conditions.

VeTd(x v) =0 (xy)€EQ (2.3)
Boundary condition (BC) has to be specified at every point of the boundary in order to obtain a
unigque solution of the above equation. Boundary conditions can be further classified into two

principal types for the Laplace equation:

(1) Dirichlet (or Essential ) BC: An equation relating the values of ¢ at points of the boun-

darv

(2)  Neumann (or Natural ) BC: An equation relating the values of first derivative of ® (V@)

at points of the boundary.

Two methods can be emploved to numerically solve the Laplace equation: (1) finite-difference

method (FDM1. and (2) finite-element method (FEM). The approach we describe here is the
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finite-element method. which is more flexible in handling irregular boundaries and nonplanar

dielectrics.

Two methods are generally used to formulate finite-element equations: (1) minimization
of the functional. and (2) weighted residual process. Since the functional of the laplace equa-
tion is explicit, it is convenient to apply the minimization of the functional to derive finite-
element equations. The problem to solve Eq. (2.3) is then equivalent to finding ®. which

satisfies boundary conditions and minimizes

2

9

ol o ¢
x=[[—e 9% 1,19 dxdy . (2.4)
o2 g« ay

where Q is the region of interest. If the region of interest is discretized into N grid points, the
approximate potential in this region can be expressed as

N
Plxy)= TN (xv)p, . (2.5)
=1

where .V, 1s the shape function (or the interpolation function). and @, 1s the potential at node i .

The shape function .V, has the following property:

0 = i
N(x, .y )= o (2.6)
o 1 i=j

For a linear triangular element shown in Figure 2.2, the shape function can be derived as

(a,+b x+c,v )

Nay)ls ———— (2.7)
24a
where the area 3 i1s given by
i B S
1 !
A= — 11 x, v, (2.8
21 |
N e o |
1 vy v,

and the constants @ . b . and ¢, are given in terms of nodal coordinates by

PR XA AT IR RS

N XY

I
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(x2.y2)

Figure 2.2 A triangular element.

c, = x3—x,, (2.9)

with the others being obtained by cyclic permutation. Let the unknown potential ¢ be defined
element by element: the element contribution could then be evaluated using Eq. (2.4). For any

node i.i = 1.2.3. by differentiating Eq. (2.4). we can write

64’ 9 |g¢ @ 9 |o®
ox dy a9, | Jv

Substuituting Eq. (2.5) into Eq. (2.10). We have the following matrix equation for a triangular

=/ [

Qie)

dxdy (2.10)

element:

—aX——U el (2.11)

olol

~ here the element (or suff) matrix [ ] for a linear triangular element is given by
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bb+cic, bibytecy bibytec,
X €
(W] = — |bsb +cac, babatescs bobyte,cy (2.12)
14
b.b,+cyc, biboteye, bibytescy

It mayv Ye noted that the element matrix is symmetric.

After assembhing a whole set of minimization equations and imposing suitable boundary
conditions such as conductor potentials, we can solve the following set of linear equations 10
find the potential at each grid point:

(11 ]i6} = {b] (2.13)
In the above equation. the right-hand wector 16§ 1s nonzero because of Dirichlet boundary con-
ditions beiny terced. In this case. tne Dirichlet »oundary condiuion is the conductor voltage In
order o gel a4 better accurae. :n FEM. a tvpical global matrix [£/] which contains a large
aumber of equations s used However in general most of the terms in the matrix [ll] are zern.
[tieret ore. sparse malrix techmiques such as mimimum hil-in reordering and 1 U factorization

are emploved to solve Fg (2 137:n order to save memory <pace and CPL time.

Once potentials at grid points are obtained by Fg (2 13} the electric field within each
hinear trigngular element can be computed as follows:
= 1 . _t
EF==-U®=—1lbd,+b.d,+b O,)1 + (¢ &, +c.d,+c )V, (214)
24
woaere 1 oand v oare umil vectors in the v - and v -directions, respectively. By integrating the
electric held around the conductors and applyving the Gauss law. the charge on each conductor is

given by

1

0 fe/,? dv (2.15)

(nudering an N-conducter system. the capacitance matrix can be solved by the foilowing

matrix equation

R AR TR

A TR I

N
]

N s £ v u
I N INY. ]
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[ci=lolv]™". (2.16)

where [V'] is the voltage excitation matrix which contains N independent excitations, and [Q] is

the corresponding charge matrix.

Since it is impossible to discretize the region with open boundary in the FEM, a closed
region is used to approximate the infinite region. As a consequence. some accuracy may be lost
due to this approximation. However. by carefully choosing the region of importance. we still
can maintain the accuracy of results. For example, in capacitance calculation the closed boun-

dary is chosen such that the electric field on the boundary should be negligible.

As described before. unlike the integral method, the finite-element method is not res-
tricted to the geometric configuration of the insulators and conductors. This has an important
implication in the present multilayered interconnect technology because the true structure of
conductors and surrounding insulating layers can be simulated. Therefore. in a VLSI chip with
small feature sizes. the finite-element method seems to be a better approach in determining the

interconnect capacitance.

2.3. Resistance Calculation

2.3.1. Conductor region without contact windows

Consider an interconnect region £ with no contact windows as shown in Figure 2.3. Let
the electrodes be around the boundary of this region. The governing equation can be described

by the following l.aplace equation:

1
V—UP(xy)=0 (xy)€Q (2.17)
R
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lilectrg:)de (1) Elecﬁ-ode (2)

\

AN

~

N
N

Figure 2.3 A conductor region without contacts.

Boundary Conditions:
®(x.v) = Constant (x.y) € Electrode (1) and Electrode (2)

VO(x.v)=0 (x.y) £Electrode (1) and Electrode (2)

where R, 15 the sheet resistance. Since Eq. (2.17) has the same form as Eq. (2.3). two-

dimensional resistance calculation in this case follows the same procedures described n the

1
preceding section. The only difference is that the permittivity € is replaced by —. The element
R

)

matrix for a linear triangular element in resistance calculation is given by

b1b ey bibatec, bibytec,

h] = bob +cacy bybatcac, bibiteac,y | (2.18)

4R A
bib,+cyc, bib,teye, bibitese,
After the global matrix is assembled from all element matrices by incorporating the boun-
dury conditions. the potentials at grid points can be solved. From the potential information,

the current flowing out or into each electrode can be easily calculated by

I(=fld?=—1—fv¢>'d? (219
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where I is a line segment along the electrode £. Because a linear interpolation potential func-
tion has been assumed inside a linear triangular element, the current density in a triangular

region is a constant.

Consider an interconnect region with N electrodes. The resistances vetween N electrodes

can be calculated by repeatedly applying the following procedures:
(1) Forelectrodei.set®, =land ®, =07V #i.
(2) Obtain potential solution and calculate the electrode current /,.

(3) Resistance R is then computed by the following equation:

9, 1
R, =—=—. (2.20)
1/ 1/
NN+
Repeat the above procedures for i from 1 to N, a complete resistance network with ——
5

resistors can be obtained.

2.3.2. Conductor region with contact windows

Due 1o a large amount of contacts required in a VLSI chip design. the metal-to-diff usion
and metal-to-polysilicon contact resistances inevitably play an important role in determining
the total interconnect resistance. In this section, we will take the contact windows into the
finite-element equation formulation in order to calculate the interconnect resistance including
the contact resistance. Consider a diffusion region with boundary and contact window elec-
trodes as shown in Figure 2.4. Assume that the contact regions are covered by metal and the
metal voltage is constant. For this case, the two-dimensional field problem can be described [30]

as tollows:

(1) Outside the contact window. the potential must satisfv the laplace equation, namely.

Egquauon (2.17).
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. r=-==n"
. ' ' .
Electx\iode (2) ' Contact! Elecu;ode (1)
; 1?1 L - J
R,
Electrode (3)
Figure 2.4 A conductor region with an inside contact.
(2) Inside the contact window, the potential is governed by
1 1
VIi—Ve|= —ld"d’,n ] (2.21)
R P

5

which is the Helmholtz equation. where p_ is the specific contact resistivity and @, is the

voltage on the contact metal. The specific contact resistivity p. is defined as

a‘]("m_\ )
p. = [— : (2.22)

ava S ms =1

where v is the potential difference between the metal Fermi potential and the semicon-

ductor potential. For each process, p. is unique and can be determined by a certain test

structure.

The case of calculating resistances for the regions outside the contact window has already

been discussed in the previous section. In this section we will concentrate on formulating the

finite-element equations in the region within the contact window. It has been shown that the

“= =1

by o
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functional of the Helmholtz equation is

1 a<1> 1, 1
+ —¢ ~ — dldxdy . (2.23)

2p, P.

acb"

e ff 2R, a.v

If again the linear triangular element is chosen. by differentiating the elemental functional with

respect to nodal potentials. we have the following matrix equation:

ox”
—— =[] {¢}" +{F}". (2.24)
ool
where
b,bﬁ—clcl b,b2+c1c2 b1b3+clc3 21 1
1 A
(A1 = —— [b.b,+cyc, bobotcae, bybytecy|+ —— |1 21 (2.25)
4R A 12p,
bybtese, bibateye, bibitese, 112
and
1
¢IHA
{F)" = ——— [1]. (2.26)
3p.
1

Consider a conductor with both noncontact and contact regions. The global matrix equation
associated with this conductor can be assembled on an element-by-element basis. In a matrix
assembling process. two different types of element matrices should be applied depending on the
location of the element. Equation (2.18) is used for a noncontact element, while both Egs.
(2.25) and (2.26) are applied for a contact element. Using the same procedure as described in
the previous section, a complete resistance network corresponding to the region of interest can
be obtained. It is noted that the current flowing into a contact window can be calculated either
by integrating the current density around the contact window or by summing the current con-

tributed by all the elements inside the contact region. Using the latter method. we can derive

the current flowing into a contact in a closed form:

(4/

."-'-" - A
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|

1€ Contact

s [f p; [0, = V.18, + N, .4 N, 9,y

1€ Contacr ‘,

1
r —
p.A

1
¢,,,—; l¢,1+¢‘,z+¢,3 . (2.27)

1€ Conract

where e, is the region of the triangular element i.

2.4. Finite-Element Program : FEMRC

A finite-element program FEMRC. which implements the previously described capacitance

and resistance models. has been developed. The main flowchart showing the capacitance and

resistance calculation phases is illustrated in Figure 2.5. The grid generator IGGI2 from the dev-

ice simulator PISCES-1IB [31] is employed in FEMRC to automate the preliminary triangulation

phase by the user-specified boundary points and regions.

The main features of FEMRC are

(1) Due 1o the use of IGGI2 the users only have to provide a small amount of input data com-
pared to the massive amount of data for all triangular elements required in computation.

(2) Having different options. FEMRC can simulate both two-dimensional capacitances and
resistances.

(3) In capacitance calculation. nonplanar dielectrics are easily handled. There is no limitation
on the number of conductors or dielectrics.

(4) In the resistance calculation, any arbitrarily shaped. multiregion and multielectrode resis-
tor can be simulated.
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Input Geometry
Material Properties
Boundary Conditions

Triangulation (1GGI2)

Element Matrix

Assembly

Solution Method

Potential and Field

Charge (Current) |

1
Capacitance (Resistance) |

¢ Done

\___//

Figure 2.5 Flowchart for FEMRC(.

The above features indicate that FEMRC 15 a useful tool in estimating VI.SEinterconnect capaci

tances and resistances.
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2.5. Examples and Discussion
Example 1:

Figure 2.6 shows the cross section of an interconnect structure used for capacitance calcu-
lation. wherein three metal conductors covered by two levels of dielectrics are situated on the
top of silicon dioxide. The thickness of the metal 1s tum and the thickness of field oxide is
1.83um . Various combinations of dielectrics, conductor widths and spacings listed in Table 2 1
have been emploved for simulation. In the first set of the simulations. planar dielectric inter-
faces are assumed in order 1o compare the simulation accuracy for FEMRC and CAP2D. The
simulation results are listed in Tables 2.2 and 2.3 for self-capacitance and coupling capacitance.
respectively The self-capacitance in this case is the capacitance between the central line and the
substrate (or the ground plane), while the coupling capacitance is the capacitance between the

central hine and either of the adjacent lines. The capacitance C, 1s the measured data taken

! |
lum ’
il | |
| e W —— 5
H=183um

GROUND PLANE

I'gure 2.6 Cross section of three interconnection lines,
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Table 2.1 Test structures and different passivations

for FEMRC calculations. e
test structures R
case |_Pich linewidth W spacing § .
(um) {um) (em) R
(1) 3 1.7 1.3 e
(2) 4 1.8 2.2 L
3) 5 23 2.7 v
(4) 5 2.8 22 7
passivations R

(A) | No passivation (« = 1). -

{| (B) | 1 um thick SiO, (K_m,2 =3.9).
(C) | 1 pm thick nitride (k. = 7.0). R
(D) | 1 pm thick Si0- + 1 um thick nitride on the top. B

N ;.
'C P Yuanand T. N. Trick. ICCAD-84. pp. 263-265. -
5
K
N
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Table 2.2 Percentage errors of self-capacitances calculated fby
FEMRC and CAP2D for the structures listed in Table 2.1".

passivation case (1) | case (2) | case (3) | case (4)
C, 0.05 0.063 0.077 0.081
(A) CL(FE."VIRC ) 0.0541 0.0625 0.0796 0.0816
% (FEMRC) §.2 -0.79 34 0.74
% (CAP2D) 10 3.2 1.3 3.7
C, 0.055 0.071 0.088 0.091
(B) C, (FEMRC) 0.056 0.0673 0.0893 0.0884
% (FEMRC) 1.8 -5.2 1.5 -2.9
% (CAP2D) 4.5 0.6 -1.8 -0.9
C, 0.058 0.076 0.094 0.096
(C) g_(FE.’WRC) 0.0568 0.0695 0.0922 0.0904
% (FEMRC) -2.1 -8.6 -1.9 58
% (CAP2D) 0.7 -2.6 -4.3 -4.2
C. 0.057 | 0074 | 0091 | 0094
(D) C, (FEMRC) 0.0578 0.0687 0.0905 0.0896
% (FEMRC) 1.4 -7.2 -0.55 -4.9
% (CAP2D) 6.5 -0.3 | -2.1 -2.3

t . .
Assume planar dielectric interfaces for

both FEMRC and CAP2D calculations.

. Percentage errors calculated by CAP2D are taken from
C.P. Yuan and T N. Trick. ICCAD-84, pp. 263-265.




Table 2.3 Percentage errors of coupling capacitances calculated by
FEMRC and CAP2D for the structures listed in Table 2.1".

passivation case (1) | case(2) | case(3) | case(4)
C 0.0205 0.0130 0.0107 0.0145

C.(FEMRC) 0.0172 0.0097 0.0075 0.0104
% (FEMRC) | -16 -25 -30 -28
% (CAP2D) | -8.8 -19 21 -23

C, 0.049 0.030 0.024 0.031
C.(FEMRC) 0.0485 0.0291 0.023 0.0294
% (FEMRC) -1.0 -3.0 -4.2 -5.2
% (CAP2D) 3.9 2.0 2.9 1.9

C, 0.070 0.039 0.040
C (FEMRC) 0.0814 0.050 0.0498
% (FEMRC) 17 28 33 25
% (CAP2D) 21 33 40 33

C, 0.050 0.0268 0.0362
C_(FEMRC) 0.0529 0.0287 0.0357
% (FEMRC) 5.8 ) 7.1 -1.4

% (CAP2D) 9.6 . 13 4.4

" Assume planar dielectric interfaces for
both FEMRC and CAP2D calculations.

. Percentage errors calculated by CAP2D are taken from
C. P. Yuan and T. N. Trick, ICCAD-84. pp. 263-265.

from [32]. Percentage errors for both FEMRC and CAP2D by using the measured data as the

reference are computed as follows:

C.—C
Percentage error (%) = 100x

27l

C

”m

By comparing the results, it is observed that percentage errors for self- and coupling capaci-
tance calculations are comparable for FEMRC and CAP2D if the measured data are used as the
reterence. The percentage errors for self-capacitance are all within 107, However, the percen-
tuge errors for coupling capacitance are consistently greater. especially in passivations ( A) and

(). This may be due to the iuct that coupling capacitance 1s highly sensitive 1o the variation of

- -, -
s, -
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i conductor spacing and dielectric between conductors. Besides. it should be noted that the meas- <
< ured data on a physical model of a structure cannot be regarded as exact :
: In order to take a step coverage of passivalion into account, a piecewise line 1s used n the 4
p
- second sel of the simulations to approximate the nonplanar dieiectric interface in the passiva-
R tion laver. The simulation results along with the measured data are listed in Tables 2.4 and .:
~
2.5. 1t should be noted that passivation (A) is not included in the tables because no dielectric ]
covers the conductors in this case. By comparison, we can see that the percentage error for .
J
T self-capacitance stays almost the same. However. the results for the coupling capacitance have
. been improved on the average. for example. in the case of passivations () and (D). From this g
observation. 1t is indicated that if we want to improve the simulation accuracy by taking non- :
- planar dielectric into account, FEMRC is an indispensable tool. .
I :
Tabhle 2.4 Percentage errors of selt-capacitances caICL,xlated by ;
q FEMRC for the structures listed in Table 2.1".
~ .
i‘ passivation case (1) | case(2) | case (3} | case (4){ -
~ | C, 0.055 | 0.071 0.088 | 0.091 | 2
~ HBY C(FEMRC) | 0.056 | 00679 | 00827 | 00874 -
! | % (FEMRC) | 18 -4.4 6.0 | 40 ®
1 C, 0.058 0.076 | 0094 | 0.09 ! :
) . |
J OV T CUFEMRC) | 00567 | 00702 | 0.0860 | 00897 X
g | o (FEMRC) | 22 76 | 85 oh ;
B ; ‘ C, 0057 [ 0074 | 0091 | 0094 | -
|(DY T C,(FEMRC) | 00577 | 0.0694 | 00842 | 00888
ol | T A (FEMRC) | 12 PR .
3
R )

" Assume nonplanar dielectric interfaces for FEMRC calculations.




Table 2.5 Percentage errors of coupling capacitances calculated by

FEMRC for the structures listed in Table 2.11.

passivation [ case (1) | case (2) | case(3) | case (4) |
. C, 0.049 0.030 0.024 0.031
,- (B) | C(FEMRC) | 0.0471 0.0251 0.0195 0.0263
% (FEMRC) | -39 -16 -19 -15
C, 0.070 0.039 0.030 0.040
(CY | CAFEMRC) | 0.0778 | 0.0401 0.0309 [ 0.0414
% (FEMRC) | 11 2.3 3.0 3.5
C, 0.050 0.0345 | 00268 | 00362
(D) ' c(FEMRC) | 0.0521 0.0333 | 00277 | 00354
% (FEMRC) | 42 -4.3 3.4 2.2

" Assume nonplanar dielectric interfaces for FEMRC calculations.

Example 2:

In this example. two conductors with slant sidewalls situated on the top of oxide. as
shown in Figure 2.7, are simulated. From a cross-sectional view of this structure, it can be seen
that the conductors are first covered by a layver of nitride with 0.35um thickness, then another
thick laver of polyimide. Simulation results for conductors with spacing ranging from 1.0um
to 5.5um are listed in Table 2.6. The capacitance C, is the fringing capacitance between the

conductor edge and ground. and C_ is the coupling capacitance between two conductors. In

Fable 2.6. calculated capacitances for both nonplanar and planar dielectric cases are both listed AR
=

tor comparison. It is observed that the nonplanar dielectric interface in general has greater 3
oS

. . . S« ‘

impact on the coupling capacitance than on the fringing capacitance. This is because the non- ot
"

planar dielectric interface vignificantly changes the equivalent dielectric constant between two o
|

vonductors if there is a large diflerence between the dielectric constants of the two lavers of

passivations. Without considering the nonplanar dielectric etfect. we obtain an average 157
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Table 2.6 Comparison of capacitances calculated by FEMRC for the structure
shown in Figure 2.7 with different dielectric interfaces.

Nonplanar dielectric | Planar dielectric
C, I __C C, C.

1.0 0.0217 0.0579 0.0219 | 0.0706
1.5 0.0288 0.0377 0.0302 | 0.0495
2.0 0.0346 0.0270 0.0375 | 0.0343
2.5 0.0405 0.0201 0.0432 | 0.0275
3.0 0.0437 0.0155 0.0507 | 0.0199
3.5 0.0465 0.0121 0.0513 | 0.0170
4.0 0.0492 0.0096 0.0558 | 0.0124
4.5 0.0508 0.0077 0.0593 | 0.0098
5.0 0.0522 0.0062 0.0594 | 0.0079

5.5 0.0536 0.0050 0.0637 | 0.0064

Separation (um)

'P. E. Cottrell and E. M. Buturla. IBM J. Res. Develop..
pp- 277-288, May 1985.

error in the fringing capacitance calculation. However. the percentage error is increased to 25%
for the case of the coupling capacitance calculation.

Example 3:

Figure 2.8 shows a diffusion region with one contact electrode and one boundary electrode.

”
Assume that the sheet resistance is 12.4 and the specific contact resistivity is 24.3Qum". The

calculated resistance between the two electrodes is 19.34¢ including the contact resistance. For
comparison. we replace the contact electrode by a boundary electrode around the contact region
and perform the simulation again. The calculated total resistance is 10.8€) for this case. An
8.50Q difference is due to the effect of contact resistance. If a circuit lavout has a large number
of such contacts. neglecting them in circuit extraction may cause an incorrect prediction of cir-

cuit performance in the next step of verification.




3

) Co T 1

_ ., Contact | p. =24.3Q um?
i ' R’ = 12.4Q
| )

b .

N

S

. Electrode

o

Figure 2 8 An example lavout with a contact electrode.

Example 4:

In this example. we use a square coaxial transmission line [25] shown in Figure 2.9 w0
A evaluate the calculated accuracy. The exact resistance of this structure is known to be
1.287095144Q if the sheet resistance is 1Q. Table 2.7 shows the percentage errors and the cal-
" culation times for different numbers of grid points chosen in FEMRC. The calculation time
includes grid generation. triangulation. matrix solving and other setup times. It is observed that
AN
s increasing the number of triangular elements improves the calculated accuracy. just as theoreti- :
»
SR cally predicted. But the calculation time is significantly increased if a large number of gnid X
.
points are used in the calculation. For the practical application, however, a trade-off between
-'.: the calculated accuracy and the computation time should be made in order to save the computer
resources. ’
o«

)
o
|
-~ J
J
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Figure 2.9 One eighth of cross section of a square coaxial
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Table 2.7 Runtimes and percentage errors of resistance calculations h
for the conductor shown in Figure 2.9
- with different triangulations. S
number of | number of | runtimet ] .
case : error (%)
- nodes triangles (sec)
- (1) 174 293 36 3.82 A
' (2) 679 1256 2136 2.96 s
(3) 127 2345 505.7 1.24 ’
-
X X
: 'SUN 3,160 )
.' -~
- ~
- ."
2.6. Conclusions _
o
>
. . -
In thix chapter. a two-dimensional capacitance and resistance calculation program FEMRC

. .
. haved on TEN has been developed. In the capacitor model. there are nc restrictions on the t~
aumber ol dielectrics and conductors. and the shape of the conductors and the dielectric inter- .

. taces  In the resistor model. anv arbitranly shaped. multielectrode and multiple resistivity o
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resistor can be simulated. In addition, contact resistance s modeled by the Helmholtz equation,
in which gquasi-three-dimensional current flow is taken into consideration. Experience with

FEMRC shows that it is a practical useful tool in VLSI performance verification.

At the present time. FEMRC is not incorporated into the layout extraction program HPEX.
However, it generates the reference values for analytical capacitance and resistance models
emploved in HPEX. Details for the analytical models for capacitance and resistance will be dis-

cussed in the next chapter.
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CHAPTER 3.

RESISTOR AND CAPACITOR MODELS IN HPEX

3.1. Introduction

Several methods have been developed to calculate distributed resistances and capacitances
of interconnection lines in a circuit extraction program. In general. these methods can be
classified into the following three categories: (1) numerical methods [33-34.24]. (2) table-

look-up methods [3]. and (3) analytical formulas [19-20,35].

Numerical methods. as described in the previous chapter, are used 10 compute capacitances
and resistances by discretizing the field equation in the space or the surface of the conductor of
interest. Since the accuracy of the computation strongly depends on the number of grid points,
a large number of grid points generally needs to be generated in order to obtain a reasonably
satisfactory result. This in turn implies that a large number of linear equations have to be
solved. Therefore, numerical methods often require a large amount of computer memory and
time. Hence. although they are able to mode!l the real shapes of conductors easily and very
accurately. numerical methods are impractical for the majority of parasitic extractions of VLSI
circuit layouts from the computational standpoint. One practical application of the numerical
methods is that they can be used to model a small number of irregular layouts, while allowing

more regular shaped conductors to be handled by other simpler models.

The table-look-up method and analvtical formula approach are simpler in comparison to
the numerical model. Table-look-up methods are fairly efficient. but constructing tables for all

possible layout configurations would be time-consuming. Therefore, analytical formulas are

employed in our resistance and capacitance computations for simplicity and efficiency. Some
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accuracy may be lost if analytical formulas are adopted. However. by carefully fitting two- or
even three-dimensional numerical data. analyvucal formulas still produce results with good
accuracy. Furthermore, since only Manhattan layouts are ailowed as the inpul 1o our circuil
extractor, derivation of analytical formulas with reasonable accuracy is much easier Qur goal
is. therefore. to find accurate analvtical formulas for resistances and capacitances in actual cir-
it lavouts and use them 1n the circuit extractor In this manner. interconnect parasitics can be

extracted in a reasonable amount of CPU time, as well as being modeled with reasonable accu-

racy
3.2. Resistor Models Used in the Extractor

3.2.1. Long, straight interconnect conductors

Since our extractor handles only Manhattan circuit layouts. simple formulas have been
emploved to compute the resistances of nets. For long. straight conductor lines, the well-

known one-dimensional resistance formula given below is used.

length
R=R, —— . (3.1)
width
w here R, 1s the sheet resistance. This means that the value of resistance in a long conductor
line 15 the sheet resistance times the total number of squares in the line. When rectangular con-

ductors of the same material with various widths are cascaded. as shown in Figure 3.1. the

total resistance is approximated by the following equation:

N 1
R =R, T|— (3.2)
W

This v only an approximation. since the current crowding effect around some corners of rectan-

2les has been neglected. The accuracy of this approximation is hard to predict. since 1t varies

with the actual lavout implementation. For example. the actual resistance of the layout shown
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Figure 3.1 Cascaded rectangular conductors.

in Figure 3.2 is 2.12R,, . while the approximate resistance 1s 2R, . The percentage error 1s
in this case. The percentage error will be reduced if we change squares into rectangles by m
ing two electrode sides outwardly. However. if we only slide the left square up unul
length of the common segment is four times shorter than the original one, the percentage er-
by applving Equation (3.2) will be increased. Despite the difﬁculty_m controlling the accurac .

Equation (3.2) is sull strongly favored by a circuit extractor because of its simplicity.

(Llectrode 1)

—
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i
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Figure 3.2 Two cascaded conductors.
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3.2.2. Right-angle bend in the conductors

An important shape that we have taken into account is the right-angle bend. as shown in
Figure 3.3 in the conductors. If the corner rectangle is a square. the resistance of the corner rec-
tangle 1s less than that computled by using the center hine as the length due 1o current crowding
The two-dimensional analytic formula we use to approximate the resistance of the corner rec-

tangle 1s [36]

2 -
12 4a a —1 _yta™—1
R =|———In + cos - R, . (33)
a T a +1 Ta a“+1
\4"
~here @ 18 the ratio of wide-to-narrow widths of the corner rectangle. In Figure 33. ¢ = —
W,

with the assumpuion that w, 2 w,. It should be noted that if the corner rectangle is 4 square,

te .a =1 the resistance R 15 0.559R , instead of R, computed by Fquation (2.1)

b= 11 >l wl —
A w2
L
12
i
|
.
B
Figure 3.3 A right-angle bend
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3.2.3. Irregular shapes of conductors

FFor other more complicated shapes in interconnects. the Laplace equation must be solved
in order 10 determine their resistances. However. this is not done in our extractor in order to
save CPU time. Instead. we use a rectangle partitioming algorithm mentioned in the previous
chapter to estimate resistances of some irregular shapes. For instance. Figure 3.4(a) shows an
actual interconnect lavout. After partitioning one rectangle, a new node number must be
inserted. and the result is shown in Figure 3.4(b). The resistance of the rectangle. which abuts
the other three rectangles, is approximated by half of the resistance determined by the above-
mentioned formula. If the Laplace equation is solved for this configuration, we have the more
accurate result shown in Figure 3.4(c). For comparison. t.is circuit can be transformed into one
equivalent to I'igure 3.4(b). as shown in Figure 3.4(d). Although our assumption is crude, the

error 1s stitl tolerable

3.2.4. Highly irregular shapes of conductors

If a small portion of a highly irregular shaped conductor requires the high accuracy of the
resistance calculation. the only feasible method is to solve the 2-dimensional Laplace equation
by the numerical program FEMRC described in Chapter 2. At present this program is not
included in our extractor. The designer has to interactively simulate the critical part of the
layout, then insert the extracted resistance network back to the circuit extractor output. The
combined circuit description is then ready for the circuit simulation. Due to the required user
interaction and the fairlv heavy computation by FEMRC. this approach might not be very

practical.

FEMRC s also able to simulate two-dimensional capacitances by adopting that option in
running the program. Therefore. FEMRC can also be used to verify the 2-d analvtical capaci-

tance {formulas w hich will be discussed in Sec'ion 3.3.

PRy
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Figure 3.4 A resistance calculauion example: (a) A conductor layout.
(b) An equivalent resistance network calculated by our method.
(c) A resistance network calculated by FEMRC, and (d) An
equivalent network for the network shown in (¢).
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3.2.5. Contact resistance

As MOS technology scales down into the submicron regime, the series resistances contri-
buted by the source-drain and polysilicon contacts may become important. The contact resis-
tance R is defined as the resistance between two different materials in the contact region. The

most commonly used contact resistance is computed by the following equation.

L

R =R, ———— (3.4)
Witanh(L /L )

where L is the lenglh of window contact. W is the width of window contact which is perpen-

dicular to the current flow. and L is the transfer length and has the following form:

(3.5)

where p_ is the specific contact resistivity. the physical parameter which governs the interfacial

contact resistance between two different materials.

Equation (3.4) is derived from the one-dimensional model and is usually used in a
transmission line tap test structure [30] to determine p.. However. in this model it is assumed
that the specific contact resistivities for diffusion-metal and polysilicon-metal contacts are
already given. If the direction of the current flow is known. Equation (3.4) then can be applied
to estimate the contact resistance in the circuit extraction. Unfortunately. this information
will not be known until the simulation is performed. Therefore, the 10liowing zero-dimensional

analytic equation 1s adopted Lo compute the contact resistance.

P,
R = — . (3.6)

A
where A is the contact area. This equation assumes that the potentials at the contacted mater:-
als are constant, and the current density entering the contact window is uniform. It can be

shown that Equation (3.6) is a limiting case of Equation (3.4) when L >> L. If a more accurate

estimate lor the contact resistance s desirable. the numerical model embedded in FENMRC or
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even a three-dimensional model should be employed. However. in our extractor only Equation

(3.6)1s applied.

3.3. Capacitor Models Used in the Extractor

In calculating capacitance of the interconnects, basically. two tvpes of capacitances are
considered: the self-capacitance (line-to-ground capacitance) and the coupling capacitance. Cou-
pling capacitances can be further categorized into two types: (1) the parallel-edge capacitance
for two conductors on the same mask, and (2) the overlap capacitance for two conductors on

two different masks.

3.3.1. Empirical formulas for line-to-ground capacitances

To accurately predict the VISI performance during the preliminary circuit design phase,
accurate estimation of parasitic capacitances associated with interconnects is inevitable. In this
section, we will concentrate on the derivation of one of the most important parasitic capaci-
tances. l.e. line-to-substrate capacitance or self-capacitance. Although. generally, two- or
three-dimensional numerical calculations using Green’s function [37] or the finite-element
method as described in Chapter 2 are able to predict the line-to-substrate capacitance of a con-
ductor in a homogeneous medium or on several lavers of the media. they are prohibitively
expensive to be incorporated into CAD programs. A simple, accurate and closed-form expres-
sion to approximate the line-lo-substrate capacitances is thus necessary and critical in this

situation.

Several closed-form formulations of a single conductor in a homogeneous medium have
heen proposed [38-40). However. thev are either compu:ationally comphcated or not alwavs
accurate. In this section. a simple and accurate formula for the line-to-substrate capacitance of

a single conductor 1n a homogeneous medium is described. In the formulation the two-
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dimensional effects. e.g.. fringing fields and the thickness of a conductor. are taken into account.
Furthermore. an attempt is made to include the effect of the slant sidewalls of a conductor into
the formulation. To confirm the accuracy of the reported formula, programs such as CAP2D or
FEMRC are used to generate the reference values. To evaluate the slant-sidewall effect on the
reported formula. examples with various combinations of design paramelers are examined.
Finally, a simple modification of the approximate formula suitable for two layers of media is

discussed.

3.3.1.1. Formulation

The capacitance of a conductor over a substrate shown in Figure 3.5 is determined by the

thickness ¢. the width w of a conductor, the distance &t from the ground plane (the substrate

usually taken as the ground). and the angle a of the slant sidewalls. Intuitively, this line-to-

substrate capacitance 1s composed of two parts. one with 1 =0 and the other resulting from the
sidewalls of a conductor. If the capacitance with ¢ =0 and the capacitance due to the sidewalls

of a conductor are correctly modeled. then the line-to-substrate capacitance is simply given by

¥
GROUND PLANE

Figure 3.5 A conductor over ground plane.
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C=C +C, (3.7)

where C, 15 the capacitance of infinitesimally thin paralle) plates (1 =0). including the fringing

field effect. and C, is the capacitance due to the sidewalls of a conductor

For the capacitance ot the very thin parallel plates (1 =0), including the fringing field

effect. the following formula is first considered [41]

€w
= —+

h

mw

h

w
—>>1

h

2h
1+ —
mw

C 1+In (38)

!

The first term represents the parallel-plate capacitance while the second term is the fringing-
field capacitance. However, this formula is only valid when the width w is much greater than
the distance 2 from the ground plane. The errors are more pronounced when the width w 1s
comparable to the distance /. the usual case for VLSI circuits. lence. other formulas which
have been developed for the microstrip using a modified conformal transformation method (for

=0} are employed [42].

w w
C. = €|—+1393+0.667[n|—+1 444 (|, w 2h (3.9)
h h
21e
C, = w <h
SNhooow (3.10)
In|—+—
w4k
The fringing-field capacitance C, of a single conductor with ¢ =0 1s given by
¢, —C,
C, = (3.11)
2

The capacitance € 1s the parallel-plate capacitance given by the following simple equation:

w

C, =e—
h

(3.12)

As for the sidew all capacitance of a single conductor. the foliowing formula which models

rao cenducting plates at a certain angle s used [43].
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€ln lz/ll’
1
C. = (3.13)
0

where [, [, and 8 are the lengths and the angle as shown in Figure 3.6. Since the fringing-field

effects at the ends are neglected in the abhove formula. the computed capacitance always
underestimates the actual one But this underestimation will be compensated by the capacitance
of thin parallel plates (1=0) mentioned when summing up the total line-to-substrate capaci-

tance. Therefore, the tota! line-to-substrate capacitance per unit length of a single conductor is

given by
w w t
C = e€—+€(1.393+0.667in|—+1.444 |+ Inlt+—1{]. w2h (3.14)
h h T h
w 2 w 2 t
C =e—+¢ s In{1+—1{], w<h
h 8h w h T« h (3.15)
In|—+-—
W 4h

It 1s noted that the factor 2 in the sidewall capacitance term accounts for the two sidewalls of a
single conductor. Also the capacitance is reduced to the capacitance of thin parallel plates C.

when t=0. in accordance with the physical interpretation.

7
()

Figure 3.6 Two plates with a certain angle.
8 P g
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3.3.1.2. Comparison and discussion

In order to compare the accuracy of the various proposed approximations. capacilance
values obtained by two-dimensional numerical computations using Green's funclion were
chosen as the reference values. Capacitances normalized with respect to the parallel-plate capa-
citance obtained by numerical calculations and our approximation with a = 90 are depicted 1n
Figure 3.7 for ¢ /h = 0.1, 1, and 10, respectively. For t/h = 0.1 and 1 our approximated values
are within 3% of the reference values except for w/h << 1 This is because the formula for the
capacitance of thin parallel plates used in our approximation is highly inaccurate when
w/h << 1. In VLSl circuits. however, this is seldom the case. For £ /A =10 the observed errors

are within 6% of the reference values again except for w/h << 1 for the same reason as before

In Figures 3 8, 3.9 and 3.10. the percentage error with o = 90° s plotted for ¢ '/h = 0.1
t/h =1 and ¢ 'h = 10. respectively. for Flmasrv's approximation {39]. the c¢yvlindrical approxi-
mation [40]. and our approximation These figures show that over a wide range of design
prarameters, 1.e., the thickness and the width of a conductor or the distance of a conductor from
the substrate, the results seem to be much better when our formulas are used to compute the
capacitance of a conducteor with the sidewall angle a = 907 In order to study the capacitance ot
a conductor with slant sidewalls. a two-dimensional numerical program which includes the
slant-sidewall effect was used o generate the reference values Table 3 1 hists the percentage
errors for conductors with a sidewall angle a = 707, and the results shoa a veneral ayreement
bet'aeen the approximate values and the reference values  Also indicated (in Table 11 are the
percentage errors hetween calculations neglecting the slant-sidewall effect in vur approximate
formulas 'a = 907 ) and calculations by the ta o dimensional program with a = 70 [he (om

rariscns show that exeept tor t h = 01 the percentaye error s eredter for cur approvimate for

mulas anere the sideaall anole o v not taken oo considerdation There! re noarder 0 main
tain the accuracy of ur proposed formubas it s amportant o cuhe fne stant sidew il odect int
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Table 3.1 Percentage errors of our self—capaciluncegormu]as
for a conductor with a sidewall angle a=70".

Percentage Error (a=70")

w/h || t/h=10 | t/h=5 | t/h=3 | t/h=1 | /h =0.1

) ) } ) 0.33 ; -1.82
(4.67) (-1.11)

5 . . ] 0.97 -1.34
(4.24) (-0.83)

5 _ 6.48 4.73 1.70 -0.25
(11.14) | (8.48) | (3.65) (0.08)

10 6.92 5.12 3.88 1.63 0.29

(10.71) (8.02) | (6.18) | (2.81) (0.45) |

t o
percentage error for a=90".

In the previous discussion we have assumed a single dielectric. In an actual configuration.
however, the conductor is situated on top of the oxide (SiO,) and capped with a passivation
laver. e.g.. SiN as shown in Figure 3.11. The difference between dielectric constants should also
be taken 1nto account in the approximate formulas to maintain accuracy. By using the similar
treatment as [40]. weighting factors for the "parallel-plate” term and the "fringing” term are

chosen. For two layers of dielectric media the line-to-substrate capacitance is thus given by
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